In order to solve the supersonic inlet control problems during supersonic cruising state, an integrated model and inexact one-dimensional search algorithm are devised to design the inlet control law. An online inlet ramp angle mapping model is also proposed using recursive reduced least squares support vector regression and BP neural network methods. Finally, a proportional and integral (PI) controller is designed to control the inlet ramp. The simulation results indicated that an effective inlet ramp controller would greatly improve the engine installed performance and protect the engine from surge and other dangerous operations.
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Introduction
Supersonic cruising flight is taken as a basic skill for advanced military aircraft. Under a supersonic cruising state, propulsion is demanded to provide sufficient and stable thrust for the aircraft. A well-coupled inlet and engine can supply as much installed thrust as possible, and the additional drag produced by the inlet and engine can be significantly reduced by adjusting the supersonic inlet. Furthermore, distortion appears in the inlet flow of engines with unmatched inlet and engine systems. Therefore, a supersonic inlet control design is necessary for integrated aero propulsion. 1, 2) There is a big difference between supersonic flight and subsonic flight when considering the coupling problems between inlet and engine. [3] [4] [5] The installed thrust provided by aero propulsion is the key point in supersonic flight, and flight drag is generally generated by shock waves, pressure differentials, skin friction and so on. However, the inlet spillage drag is the dominating impact factor for aero propulsion installed thrust performance. 6, 7) As is shown in Fig. 1 , the inlet spillage drag obviously increases during supersonic flight. In this paper, all physical values are written in relative quantity to the designed point. When the flight Mach number is greater than 1.6, the inlet spillage drag proportion of the aero propulsion thrust rises to more than 35%, and that proportion constantly rises with the increasing Mach number. So, an inlet bleeding operation becomes an efficient control method for that working condition. The inlet ramp is also an inlet control apparatus for a two-dimensional supersonic inlet. Compared to inlet bleeding, the inlet ramp adjustment does not generate additional bleeding drag. As a consequence, this paper focuses on supersonic inlet ramp control.
As is well known, the fundamental function of the inlet is to provide the engine with an appropriate and steady airflow. Meanwhile, the inlet adjustments are expected to avoid threatening engine safety, such as the fan surge margin. However, the advanced military strike fighter has super maneuverable ability, which means that aero propulsion must work in a wide range of flight altitudes, Mach numbers and flight attack angles. [8] [9] [10] The uncertainties of aero propulsion working conditions always requires the supersonic inlet to depart from the best working state to subcritical working state or supercritical working state. Moreover, the departure can cause the inlet, or even the fan and compressor, to enter surge condition. Traditionally, the inlet control schemes almost put basis on the measurable pressures and the engine airflow estimated by the fan rotor speed to determine the inlet ramp angle. 11, 12) As a matter of fact, the best inlet working ramp angle is not a single parameter function of the fan rotor speed under supersonic working state with different Mach numbers. Therefore, an optimal inlet control system should not only make the inlet possess high total pressure recovery and airflow coefficient, but also consider aero propulsion external performance.
In order to complete the inlet control scheme, an integrated inlet and engine model is built to simulate the co-working conditions. Then, an inexact one-dimensional search method that takes installed performance into consideration is used to design the inlet control law, and a recursive reduced least squares support vector regression (RR-LSSVR) and a BP neural network are applied to build a simplified inlet ramp angle model in online simulation. Finally, the inlet ramp angle is adjusted by a PI controller.
Integrated Aero Propulsion Model
As is illustrated in Fig. 2 , the aero propulsion in this paper consists of a two-dimension supersonic inlet, turbo-fan engine, and nozzle.
The integrated inlet and engine model is a componentlevel model. Both the internal and external characteristics are described in the component-level model. 13, 14) In order to simulate the coupling problems between the inlet and engine, the pressure and air mass flow equalization functions must be satisfied, which means that the airflow from the inlet exit must equal in pressure and air mass flow with the airflow into engine. As is expressed in Eq. (1), the exit corrected air mass flow of the inlet is the function gðxÞ of total pressure recovery coefficient ·, flow coefficient ', and Mach number. In the mean time, the pressure at the inlet exit is the function hðxÞ of the total pressure recovery coefficient.
So, the total pressure recovery coefficient can be calculated using the formulas in Eq. (2),
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According to Eq. (2), it is possible to view the inlet exit pressure as the input parameter of the engine. Meanwhile, the integrated model which must guarantee that the inlet exit air mass flow is equal to that the engine requires. Through the inlet and engine equalization functions, the engine model merges together with the inlet model as one integrated component-level model. Figure 3 shows the solution process of the integrated model.
The inlet and engine are connected with pressure and air mass flow equilibriums. Under a dynamic or quasi-steady state, the inlet is always influenced by engine inlet pressure and engine airflow. In order to make the propulsion into a co-working state, the inlet and engine model must be solved using the Newton-Raphson solution technique. The calculation consists of three parts: the input working conditions and control variables, the component models, and the model solver. The guess values ' in and n en vary until the error " en and " in of the cooperating working equations trend to zero. The level model would converge to a steady co-working state where the engine airflow is equal to the inlet exit airflow, as is shown in Fig. 3 . More details about the integrated model are described in Sun, Miao and Zhang. 
3. The Inlet Control Scheme 3.1. Inlet control law Figure 4 shows a traditional inlet ramp angle control regulation. The inlet ramp angle is interpolated by the engine fan rotor speed. In the look-up map, the ramp angle goes along a horizontal line and a slope line.
However, engine rotor speed cannot substitute the engine airflow alone by itself. Pressure ratio and efficiency are also factors that impact the airflow of the compression components. Therefore, some other engine measurable parameters must be taken into consideration, such as fuel mass flow. It is worth noting that steady and safe are the primary principles of engine operation, so during the inlet control process, the engine control law remains unchanged. Meanwhile, the lower or upper inlet ramp angle limit could lead the supersonic inlet into a sub-critical state or super-critical state, which means that it is hard to find the optimal inlet ramp angle, using the usual one-dimensional search method.
In order to design the correct inlet control law, an inexact one-dimensional search method is applied and the searching method suitable for the integrated model of the supersonic inlet and engine is sought. Considering the inlet characteristics as shown in Fig. 5 , the direct line is the equilibrium running line of the engine and inlet, and 'A, B, and C' are the common working points when the inlet ramp angles are 23°, 25°, and 27°. A is the super-critical working condition and the inlet cannot support enough airflow to the engine. C is the subcritical working condition, and the inlet provides too much airflow to the engine, which can be improved by inlet adjustment. Therefore, B is the critical working condition, and the search method is to find the B-like matching point. Under critical working condition, flight drag is much less than that in the sub-critical condition. In conclusion, the inexact search method should start from the sub-critical working condition and finish at the critical condition. Therefore, the steps of the inexact one-dimensional search method should be:
Step 1: Choose the initial inlet ramp angle 0 , and make sure that the inlet works in the sub-critical or critical condition.
Step 2: Set ¼ 1, k ¼ 0 and 0 < l < u < 1. d k is the decent direction. l and u are the fixed eligible numbers.
Step 3: Check the correctness of
Step 4: If the inequation in Step 3 is false, set ¼ ωÃ, where l ω u and then go to Step 3, or else, ð k þ d k Þ is the optimal inlet ramp angle.
In particular, the objective function in the search algorithm is the flight drag of the aero propulsion.
A series of curves around the inlet ramp angle and engine fan rotor percentage speed (PNF) are extracted from the integrated model and one-dimensional search algorithm, as is shown in Fig. 6 . Apparently, the optimal inlet ramp angle is influenced by the engine state PNF and flight condition Mach number.
Through the comparison of Fig. 4 and Fig. 6 , a special PNF corresponds to different inlet ramp angles at different Mach numbers. It is found that error under a supersonic state could lead the engine into surge or other operating risks. Therefore, the inlet control law should be a complete scheme including both the engine state and flight conditions. Figure 7 shows the inlet ramp angle control law at different power-level angles (PLA) and flight Mach numbers.
The inlet control law must be able to adapt to different flight missions, so the inlet control law is also explored under all engine states including idle state, throttling state, middle state, and afterburner state. Under idle state, the engine air requirement is small, so the inlet ramp angle is kept at the biggest angle. While, during small afterburner state, the keyengine control law remains common with that of the middle state, so the inlet ramp angle will not change during middle state.
Online simplified model of inlet ramp angle
Due to an analysis of the inlet control law, a simple online Trans. Japan Soc. Aero. Space Sci., Vol. 59, No. 6, 2016 model of inlet ramp angle should be built based on the engine measurable parameters and flight conditions. In this paper, the available engine parameters are classified into two categories. One includes the fan rotor speed and compressor rotor speed (PNC), which represents the engine airflow. The other includes the main combustor fuel flow rate (W fb ), powerlevel angle, and the fan exit temperature (T 25 ), which represents the engine working conditions. RR-LSSVR is applied to estimate the inlet ramp angle.
RR-LSSVR is an estimator that combines the reduced technology 16) and iterative strategy 17) into least squares support Vector regression. The RR-LSSVR algorithm will be listed, and more technical details including theory and mathematical proof about the RR-LSSVR are introduced in Zhao and Sun. 18) Step 1: Set Step 3: If n ¼ 0, then
where,
and, Step 4:
Q will be obtained according to the equation, n ¼ n þ 1, and go to Step 2.
The configuration of the RR-LSSVR estimator is shown in Fig. 8 .
As the inlet ramp angle remains constant in the engine idle state and afterburner state, the RR-LSSVR estimator cannot map the accurate inlet ramp angle. Therefore, a BP neural network is designed to calculate the minimal PNF with the upper-limit inlet ramp angle (ULIRA) under different working conditions. The configuration of the BP neural network is shown in Fig. 9 . During the afterburner engine state, the inlet ramp angle keeps up with that at maximal PLA during the middle engine state.
The training data are obtained from the integrated inlet and engine model using an inexact one-dimensional search algorithm. The data-collecting process is operated in the flight envelope H ¼ 9-12 km, Ma ¼ 0:9-1.8 and PLA ¼ 15-80°. Trans. Japan Soc. Aero. Space Sci., Vol. 59, No. 6, 2016 In order to verify the accuracy of the RR-LSSVR and BP neural network, a random dataset is used to test the trained model. Figure 10 shows the simulating results for an inlet ramp angle calculated using the RR-LSSVR estimator and Fig. 11 shows the simulating results of the minimal PNF with ULIRA calculated using the BP neural network. All of the testing errors are less than 5%, and the major errors are always generated at the simulating data corners that are calculated for the minimal PNF with the upper-limit inlet ramp angle, which means that the model errors are satisfied by the application requirements.
Inlet Ramp Angle Control Scheme

Inlet ramp angle controller design
A PI controller is applied in the inlet ramp angle control design, and the control structure is shown in Fig. 12 . Based on the engine measurable parameters, the inlet ramp angle Trans. Japan Soc. Aero. Space Sci., Vol. 59, No. 6, 2016 mapping module calculates the optimal inlet ramp angle.
Comparing the present inlet ramp angle, the PI controller gradually controls or modulates the inlet ramp to the right ramp angle. In this paper, the parameters in the PI controller parameters are fixed, where K p ¼ 0:02 and K i ¼ 0:05.
Inlet ramp angle control digital simulation
In the inlet ramp angle control digital simulation, the original engine control loop is always available to guarantee engine safety. Additionally, in order to verify the efficiency of the inlet control scheme, a time delay is set to execute the inlet actuator, as is shown in Fig. 13. The dotted line in the figure shows when the inlet controller on.
The inlet ramp control scheme test was conducted under the flight conditions of H ¼ 10 km and Ma ¼ 1:2. The PLA was varied from 65°to 35°. When the engine reached a quasi-stable state, the inlet controller was switched into the control loop. The simulation results indicate that the PI controller designed has a favorable command tracing without overshoot. As is shown in Fig. 13 , the engine air mass flow rate and inlet mass flow rate are varied to the same objection, which means that the inlet ramp control scheme could adjust the inlet airflow to tend to be equal to the engine airflow, thereby enabling the engine and inlet to obtain the optimal matching point. At the same time, the total pressure at inlet outlet and engine inlet increased correspondingly. The consistent air mass flow rate between the inlet and engine also indicate that the inlet and engine matched better. Furthermore, the inlet spillage drag decreased. Therefore, the engine installed performance including installed thrust improved greatly using the inlet control scheme proposed in this paper.
Conclusion
An integrated engine and inlet component-level model could well simulate the co-working problems of the two plants. Based on the integrated model, the inexact one-dimensional search algorithm designed in this paper can effectively design the inlet ramp angle control law. The RR-LSSVR and BP network are applied into an online simplified model to estimate the inlet ramp angle. The simulation results indicate that an effective inlet ramp controller will greatly improve installed engine performance and protect the engine from inlet distortion or other dangerous operations.
